Abstract-Aging is associated with dysfunction of endothelial progenitor cells (EPCs), and shear stress has a beneficial impact on EPC function; however, the effects of aging and shear stress on the endothelial repair capacity of EPCs after arterial injury have not been reported. Here we investigated the influence of aging and shear stress on the reendothelialization capacity of human EPCs and the related molecular mechanism. Compared with EPCs isolated from young subjects, EPCs from the elderly displayed an impaired migration and adhesion in vitro and demonstrated a significantly reduced reendothelialization capacity in vivo after transplantation into nude mice with carotid artery denudation injury. Shear stress pretreatment enhances the migration, adhesion, and reendothelialization capacity in both young and elderly EPCs; however, it was to a greater extent in EPCs from the elderly. Although basal CXC chemokine receptor 4 (CXCR4) expression was similar in EPCs from the 2 age groups, the stromal cell derived factor 1-induced CXCR4 and Janus kinase 2 phosphorylations were much lower in the elderly than in young EPCs. Shear stress treatment upregulated CXCR4 expression and phosphorylation and, importantly, restored the stromal cell-derived factor 1/CXCR4-dependent Janus kinase 2 phosphorylation in the elderly EPCs. Furthermore, short hairpin RNA-mediated knockdown of CXCR4 expression or pretreatment with Janus kinase 2 inhibitor diminished the enhancement in the migration, adhesion, and reendothelialization capacity of the elderly EPCs from shear stress treatments. Thus, our study demonstrates that upregulation of the CXCR4/Janus kinase 2 pathway by shear stress contributes to the enhanced reendothelialization capacity of EPCs from elderly men. A ging is a well-recognized risk factor for cardiovascular disease. 1,2 The impact of aging, a traditional detrimental factor, for the increased development of cardiovascular disease is initiated by abnormalities in structure and function of the vascular endothelium.
A ging is a well-recognized risk factor for cardiovascular disease. 1, 2 The impact of aging, a traditional detrimental factor, for the increased development of cardiovascular disease is initiated by abnormalities in structure and function of the vascular endothelium. [3] [4] [5] Thus, it is of particular importance to maintain the integrity of the vascular endothelium after arterial injury with aging.
Accelerated reendothelialization is an important therapeutic means for repair of injured artery. Accumulating evidence indicates that circulating endothelial progenitor cells (EPCs) provide an endogenous repair mechanism to counteract ongoing risk factor-induced endothelial injury and to replace dysfunctional endothelium, [6] [7] [8] [9] [10] thus suggesting an important role of circulating EPCs for restoration of the integrity of the vascular endothelium with aging. Previous studies showed that aging leads to a reduction in the number of circulating EPCs, and aging is associated with dysfunctional EPCs in both healthy persons and patients with cardiovascular disease, [11] [12] [13] [14] [15] [16] which is, at least in part, responsible for the development of age-related endothelial injury in humans. [17] [18] [19] However, the mechanism underlying age-related EPC dysfunction is not fully understood. It is, therefore, essential to search for a novel approach to improve the functional potential of EPCs in elderly individuals, with the aim of enhancing EPC-based endothelial repair and reducing the occurrence of cardiovascular disease.
The pharmacological therapy and the gene transfer intervention are the most popular methods to enhance the EPC function for their therapeutic potentials. However, less is focused on the nonpharmacologic interventions to regulate the function of EPCs. It is generally accepted that shear stress as a nonpharmacologic intervention measure contributes to the maintenance of homeostasis in the vascular endothelium. 20 Accumulating evidence indicates that the beneficial effect of shear stress on the vascular endothelium is, at least in part, related to shear stress-mediated upregulation of EPC function. [21] [22] [23] [24] [25] However, the molecular mechanisms underlying the favorable effect of shear stress on EPCs need to be further investigated.
CXC chemokine receptor 4 (CXCR4) is a 7-transmembrane G protein-coupled receptor, and the ligand for CXCR4 is chemokine stromal cell derived factor 1 (SDF-1). There is increasing evidence to show that CXCR4 is a key regulator of homing and retention of EPCs at the sites of injured artery, [26] [27] [28] suggesting that an impaired CXCR4 signaling may lead to a decrease in endothelial repair capacity of EPCs. Our recent study indicated that impairment of CXCR4-mediated Janus kinase 2 (JAK-2) phosphorylation is involved in the aged-related reduction in endothelialization capacity of EPCs 29 ; however, the role of CXCR4 phosphorylation in the regulation of CXCR4/JAK-2 signaling is unknown. It is also not clear whether shear stress could enhance reendothelialization capacity of EPCs derived from the elderly. Based on the previous observations, we hypothesized that the impaired reendothelialization capacity of EPCs derived from elderly persons is related to the decreased CXCR4 phosphorylation, and shear stress can be used to promote reendothelialization capacity of EPCs from elderly persons, which correlates to increasing CXCR4 signaling. To test these hypotheses, in vivo reendothelialization capacity and CXCR4 signaling of EPCs were examined in both elderly and young subjects. Then, the EPCs from the elderly were exposed to an environment of shear stress produced by the biomimic device. Under physiological conditions of shear stress, the human EPCs were tested in vitro for their ability to affect the CXCR4 signaling, as well as migration and adhesion function. In addition, we also evaluated the effect of transplantation of shear stress-treated EPCs from elderly persons on in vivo reendothelialization capacity in a nude mouse model of carotid injury. The present study may add valuable information to our understanding of age-related endothelial injury and provide a novel therapeutic strategy to counteract the decline in EPC function in humans with aging.
Materials and Methods

Subjects Characteristics
Elderly (age, 68.4Ϯ2.5 years; nϭ10) and young (age, 27.3Ϯ3.0 years; nϭ10) healthy male subjects without clinical evidence of cardiovascular risk factors and significant medical history were enrolled into the study. Peripheral venous blood samples were obtained for EPC isolation. The study protocol was approved by the ethics committee of our hospital, and written informed consent was obtained from all of the study subjects. Detailed methods for the present study are provided in the online-only Data Supplement Materials and Methods section.
Statistical Analysis
Statistical analyses were performed using SPSS 17.0 software (SPSS Inc). All of the data are reported as mean (SD) unless stated otherwise. Statistical significance was evaluated by means of a Student t test or ANOVA. A value of PϽ0.05 was considered statistically significant.
Results
Study Subjects
The baseline characteristics were within normal range and not different between elderly and young subjects except with regard to age (Table S1 ).
In Vitro Functions and In Vivo Reendothelialization Capacity of EPCs From Elderly Human Subjects Are Impaired
The percentage of CD34 ϩ KDR ϩ cells was significantly lower in the peripheral blood mononuclear cells from the elderly (PϽ0.05; Figures S1A and S2). We then grew EPCs by culturing peripheral blood mononuclear cells in specific medium for 7 days. Cultured EPCs were defined as cells dually positive for low-density lipoprotein from human plasma, acetylated, DiI complex uptake and fluorescein isothiocyanate-labeled BS-1 lectin binding or by flow cytometry analysis ( Figure S3 ). In a modified Boyden chamber assay, the basal level of migration was lower (PϽ0.05), and the fold change of SDF-1-induced increase of migration was lesser (0.33Ϯ0.11 versus 0.78Ϯ0.21; PϽ0.01) in EPCs from the elderly than those from young subjects ( Figure S1B ). The EPC adhesion activity was evaluated by applying DiI-labeled EPCs onto tumor necrosis factor-␣-prestimulated monolayer human umbilical vein endothelial cells, subsequently counting the adherent cells under the fluorescent microscope; the numbers of adherent EPCs from elderly were fewer than those from young subjects (PϽ0.01; Figure S1C ). Consistently, the migration and adhesion activities of late EPCs from the elderly were significantly lower than those from young subjects ( Figure S4 ). Collectively, these results suggest that aging is associated with a reduced number of circulating EPCs and impaired function of cultured EPCs.
Transplantation of EPCs from young people but not EPCs from the elderly markedly accelerated reendothelialization of the injured arteries (elderly versus young, 14Ϯ4% versus 36Ϯ5%; PϽ0.001; Figure 1A and 1B). Fluorescent microscope revealed that the transplanted EPCs were incorporated at sites of injury, however, less frequently with EPCs from the elderly than EPCs from young people ( Figure 1C ). Flow cytometry analyses of single-cell suspension made from the injured vessel fragments confirmed fewer DiI-labeled EPCs in mice transplanted with EPCs from the elderly (PϽ0.01; Figure 1D ). Furthermore, transplantation of late EPCs from the elderly also displayed a lower degree of reendothelialization and less EPC incorporation than transplantation of late EPCs from young subjects ( Figure S5 ). These results confirmed that EPCs from the elderly have a reduced reendothelialization capacity that is associated with a reduced EPC incorporation in the injured vessels.
CXCR4/JAK-2 Signaling Is Required for EPC Migration and Adhesion and EPC-Mediated Reendothelialization
To understand the molecular mechanism responsible for the impaired reendothelialization capacity of EPCs derived from the elderly, we examined the CXCR4 signaling in EPCs, because CXCR4 is key to homing and retention of EPCs at sites of arterial injury, therefore contributing to the reendothelialization. 26, 27 Surprisingly, Western blotting analyses indicated that CXCR4 expression did not differ between EPCs from the young and the elderly ( Figure 2A) ; however, the CXCR4 phosphorylation (at serine 339) was reduced in EPCs from elderly ( Figure 2B ). Because JAK-2 is a wellestablished downstream target of CXCR4 signaling, we investigated whether the functional status of JAK-2 is altered in EPCs from the elderly. Basal (PϽ0.01) and the SDF-1-induced (PϽ0.001) JAK-2 phosphorylations were significantly lower in EPCs from the elderly than EPCs from young subjects ( Figure  2C ). Importantly, both short hairpin RNA-mediated knockdown of CXCR4 or pretreatment of EPCs with JAK-2 inhibitor AG490 significantly attenuated EPC migration and adhesion activities and the EPC-mediated reendothelialization ( Figure S6 ). Collectively, these results suggest that the CXCR4/JAK-2 signaling is essential for normal EPC functions, and the reduced reendothelialization capacity of EPCs from the elderly is at least partially related to the reduced CXCR4/JAK-2 signaling.
Shear Stress Enhances the Function and Reendothelialization Capacity of EPCs From the Elderly
We then investigated the effect of in vitro shear stress on the functions of cultured EPCs. Exposure of EPCs to 15 dyne/ cm 2 of shear stress for 12 or 24 hours ( Figure S7A through S7C) or exposure of EPCs for 12 hours to 10, 15, or 25 dyne/cm 2 of shear stress ( Figure S7D and S7E) significantly increased EPC migration toward SDF-1, adhesion to tumor necrosis factor-␣-prestimulated HUVECs, and adhesion in flow on fibronectin ( Figure S8 ) in both young and elderly EPCs (PϽ0.05) and abrogated the differences between the 2 groups. In addition, the migration and adhesion activities of EPCs derived from HUVECs and late EPCs from the elderly were also enhanced by in vitro shear stress treatment ( Figure  S9 ). To determine the effect of shear stress on EPC-mediated reendothelialization in vivo, EPCs were exposed to 15 dyne/ cm 2 of shear stress for 12 hours and then intravenously injected (separately) into nude mice 3 hours after surgical carotid artery denudation. Pretreatment with shear stress enhanced the reendothelialization capacity of both young and elderly EPCs, however, to a greater extent in elderly EPCs ( Figure 3A and 3B) . Furthermore, in vitro shear stress treatment also significantly enhanced the reendothelialization capacity of late EPCs from the elderly and endothelialderived EPCs derived from HUVECs ( Figure S10 ).
Shear Stress Upregulates CXCR4 Expression and Enhances SDF-1/CXCR4-Mediated JAK-2 Phosphorylation
We then investigated whether the enhancement of reendothelialization capacity of EPCs by shear stress treatment was related to CXCR4 signaling. Exposure of EPCs to 15 dyne/ cm 2 of shear stress for 6, 12, or 24 hours or exposure of EPCs for 12 hours to 5, 10, 15, and 25 dyne/cm 2 of shear stress led to a significant increase in CXCR4 mRNA ( Figure S11A and S11B), total ( Figure S11C and S11D) and surface CXCR4 protein ( Figure 3C and 3D) , and phosphorylated surface CXCR4 protein (Figure 3E and 3F and CD14 expression in EPCs ( Figure S12 ). Furthermore, our results indicated that CXCR4 protein expression in the late EPCs from the elderly ( Figure S13A ) and in EPCs derived from HUVECs ( Figure S13B ) was also increased after exposure to 15 dyne/cm 2 of shear stress for 12 hours. There was no significant difference in basal JAK-2 phosphorylation between the shear stress-treated EPCs and EPCs cultured under static condition; however, the SDF-1-stimulated increase of JAK-2 phosphorylation was significantly greater in shear stress-treated EPCs than in EPCs cultured under static condition (PϽ0.01; Figure 4A ), and this difference was diminished by CXCR4 knockdown or by pretreatment of the cells with JAK-2 inhibitor AG490 (PϽ0.01; Figure 4B ), suggesting a dependency on the SDF-1/CXCR4 signaling. Interestingly, the combination of JAK-2 inhibition and CXCR4 knockdown did not produce an additive effect. Furthermore, shear stress also potentiated SDF-1-induced JAK-2 phosphorylation in late EPCs from the elderly ( Figure  S13C ).
Shear Stress Enhances the Reendothelialization Capacity of EPCs From the Elderly via CXCR4/JAK-2 Signaling
Next, we investigated whether shear stress-induced upregulation of CXCR4/JAK-2 signaling contributes to the enhancement of EPC functions. Lentivirus short hairpin RNAmediated CXCR4 knockdown or preincubation of EPCs with JAK-2 inhibitor AG490 significantly attenuated the in vitro migration and adhesion (PϽ0.05; Figure 4C and 4D) and in vivo reendothelialization capacity of the shear stress-treated EPCs from both the young and the elderly (PϽ0.01; Figure  4E and 4F) and abrogated the difference between the 2 groups of cells. In contrast, transduction of EPCs with scrambled short hairpin RNA lentiviral particles had no effect on these functional parameters. Furthermore, CXCR4 knockdown or AG490 treatment also attenuated the shear stress-mediated functions in endothelial-derived EPCs and late EPCs from the elderly ( Figure S14 ). Collectively, these results suggest that shear stress enhances the reendothelialization capacity of EPCs from the elderly through the CXCR4/JAK-2 signaling pathway.
Discussion
The major findings of the present study are as follows: (1) in vitro migration and adhesion activities and in vivo reendothelialization capacity of EPCs in the elderly are significantly reduced; (2) the CXCR4 phosphorylation and CXCR4/JAK-2 signaling are impaired in EPCs from aging populations; and (3) shear stress ameliorates the functional defects of EPCs in the elderly and enhances their reendothelialization capacity by augmenting CXCR4/JAK-2 signaling. Collectively, our study demonstrates for the first time that the functional state of CXCR4 and CXCR4/JAK-2 signaling is critical to the function of EPCs from aging populations and that ex vivo treatment of EPCs with shear stress can be used as an effective approach to enhance the reendothelialization capacity of EPCs.
It has been known that advancing age is associated with a reduction in the number and function of EPCs in humans. [11] [12] [13] [15] [16] [17] 19, 29 Here we found that EPC migration toward SDF-1 and adhesion to the tumor necrosis factor-␣-activated endothelial cells are specifically impaired. Furthermore, EPCs from the elderly exhibited a significantly reduced reendothelialization capacity in the injured carotid artery compared with EPCs from the young subjects, which suggests a reduction of endogenous repair capacity in the vasculature with aging.
CXCR4 is crucial for EPC homing to the local vascular bed to mediate reendothelialization. [26] [27] [28] 30, 31 Given the close association between CXCR4 signaling and EPCs targeted repair for endothelium, we hypothesized that disturbance in CXCR4 signaling is related to the impaired EPC function in the elderly. We show that SDF-1-induced phosphorylations of CXCR4 and JAK-2 are significantly lower in EPCs from the elderly than in EPCs from the young. Furthermore, CXCR4 knockdown and JAK-2 inhibition abrogate the in vitro function and in vivo reendothelialization capacity of EPCs. These data indicate that CXCR4/JAK-2 signaling is critical to the function of EPCs, and decreased phospho-JAK-2 level is, at least in part, related to the reduction in EPC-mediated endothelial repair capacity with aging. Therefore, a novel approach that enhances the CXCR4/JAK-2 signaling may improve the endothelium-reparative potential of EPCs and restore the integrity and homeostasis of the vascular endothelium in the elderly.
We found that shear stress exerts beneficial effects on human EPCs for endothelial protection. [21] [22] [23] [24] Previous studies from our laboratory demonstrate that shear stress regulates the expression of endothelial NO synthase, Cu/Zn superoxide dismutase, and tissue plasminogen activator in human EPCs and that transplantation of shear stress-treated EPCs onto the prosthetic vascular grafts leads to the formation of a bioactive endothelial monolayer associated with significant inhibition of thrombosis formation. [22] [23] [24] However, whether shear stress regulates CXCR4 signaling was unclear. In this study, we hypothesized that treatment of EPCs with shear stress may enhance CXCR4/JAK-2 signaling, contributing to EPCmediated reendothelialization after arterial injury. We showed that shear stress upregulates CXCR4 expression and phosphorylation, as well as the responsiveness of EPCs to SDF-1/CXCR4-mediated JAK-2 phosphorylation. This augmentation in shear stress-induced CXCR4/JAK-2 signaling in the elderly EPCs parallels with the enhanced in vitro migration and adhesion activities and in vivo reendothelialization capacity and can be abrogated by CXCR4 knockdown or JAK-2 inhibition. These findings indicate that shear stress is an effective means to modify the biological phenotype of EPCs derived from the elderly and to facilitate EPC-mediated endothelial repair, adding a novel insight into the molecular mechanism of the shear stress on the regulation of EPC biological phenotype related to endothelial repair in humans.
The findings presented in this study have strong clinical implications. Aging results in imbalance of injury and repair in the endothelium and requires a higher efficiency of repair to maintain endothelial homeostasis. Our study clearly shows the dysfunctional properties of EPCs with aging, suggesting a negative impact of aging on the endothelial injury-and-repair balance. The identification of the CXCR4/JAK-2 signaling pathway downregulated with aging may provide molecular targets for the development of treatments to enhance the potential of endogenous EPCs and/or to increase the functional capacity of transplanted cells. The present study provides evidence that shear stress other than direct stimulation of its natural ligand SDF-1 can be used to restore the CXCR4/JAK-2 molecular signaling pathway and enhance the endogenous endothelium-reparative capacity of EPCs, which constitutes an important cell-based therapeutic strategy to facilitate EPC function and improve repair capacity in the aging populations.
Perspectives
The present study demonstrates that increasing age leads to impaired reendothelialization capacity of EPCs that is at least partially related to the diminished CXCR4/JAK-2 signaling. Shear stress, therefore, may be a novel approach for EPCbased endothelial repair in the elderly by increasing CXCR4/ JAK-2 signaling. 
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Isolation Isolation Isolation Isolation of of of of P P P Peripheral eripheral eripheral eripheral B B B Blood lood lood lood M M M Mononuclear ononuclear ononuclear ononuclear C C C Cells ells ells ells (PBMNCs) (PBMNCs) (PBMNCs) (PBMNCs) and and and and F F F Flow low low low C C C Cytometry ytometry ytometry ytometry A A A Analysis nalysis nalysis nalysis
PBMNCs were isolated by Ficoll density gradient centrifugation as described previously. 1 Circulating EPCs were quantitatively analyzed by flow cytometry with PerCP-labeled anti-human CD45 (BD Pharmingen), phycoerythrin (PE)-labeled anti-human KDR (R&D Systems), and fluorescein isothiocyanate (FITC)-labeled anti-human CD34 (BD Pharmingen). We followed the gating strategy recommended by the International Society for Hematotherapy and Graft Engineering (ISHAGE), 2 which is illustrated in the Online Supplemental Figure S2 .
EPC EPC EPC EPC Culture Culture Culture Culture and and and and C C C Characterization haracterization haracterization haracterization
EPCs were cultured and characterized as detailed previously. 1, 3 Briefly, PBMNCs were cultured on fibronectin-coated 6-well plates in endothelial cell basal medium-2 (EBM-2) supplemented with endothelial growth medium-SingleQuots (Clonetics, San Diego, CA, USA). At day 4, nonadherent cells were removed, and adherent cells were maintained till day 7 and then used for EPC experiments. EPCs were defined as cells dually positive for DiI-acLDL (0.02mg/ml; Invitrogen, Carlsbad, CA, USA) uptake and FITC-labeled BS-1 lectin (0.01mg/ml; Sigma-Aldrich, St. Louis, MO, USA) binding as previously described (Supplemental Figure 3A) . 1 Endothelial marker proteins of cultured EPCs were also examined by flow cytometry analysis by using phycoerythrin (PE)-labeled monoclonal mouse anti-human antibodies recognizing CD31 (BD Pharmingen), von Willebrand factor (vWF) (BD Pharmingen) and kinase-insert domain receptor (KDR) (R&D system). Furthermore, expression of the monocytic lineage marker CD14 (BD Pharmingen) was analyzed. Overall, 82.33 ± 6.3% of the cells were positive for CD31, 94.37 ± 8.4% for vWF, 75.65 ± 5.9% for KDR and 71.38 ± 4.8% for CD14 (Supplemental Figure 3B) . Based on the isolation and cultivation protocol, the adherent mononuclear cells were identified as EPCs, similar with previous studies.
1,3,4
Late Late Late Late EPC EPC EPC EPC (LEPC) (LEPC) (LEPC) (LEPC) Culture Culture Culture Culture and and and and Characterization Characterization Characterization Characterization
Late EPCs were cultured and characterized by following the protocol described by other research labs. 5, 6 Briefly, PBMNCs were cultured on fibronectin-coated 6-well plates in EBM-2 supplemented with endothelial growth medium-SingleQuots (Clonetics, San Diego, CA, USA). After 4 days culture, nonadherent cells were removed by thoroughly washing with culture medium. Medium was changed daily for 7 days, and then every other day until the first passage. For all assays, late EPCs were used at passages 3 (about 28 days) (Supplemental Figure 3C) . After 28 days culture, marker proteins of cultured EPCs were examined by flow cytometry analysis using phycoerythrin (PE)-labeled monoclonal mouse anti-human antibodies recognizing CD31 (BD Pharmingen), Tie-2 receptor (BD Pharmingen) and kinase-insert domain receptor (KDR) (R&D system). Overall, 94.53 ± 5.3% of the cells were positive for CD31, 87.56 ± 6.4%% for Tie-2 receptor, 82.79 ± 6.9% for KDR (Supplemental Figure 3D) . Based on the isolation and cultivation protocol, the adherent mononuclear cells were identified as late EPCs, similar with previous studies. 6, 7 
Endothelial Endothelial Endothelial Endothelial Derived Derived Derived Derived Progenitor Progenitor Progenitor Progenitor Cell Cell Cell Cell (EEPC) (EEPC) (EEPC) (EEPC) Culture Culture Culture Culture
Endothelial derived progenitor cells were isolated and cultured from HUVECs by following the protocol described by Ingram et al. 8 Shear Shear Shear Shear Stress Stress Stress Stress Assay Assay Assay Assay EPCs were exposed to shear stress with a fluid shear stress loading device. Briefly, glass slides seeded with EPCs were placed on the stage of the parallel-plate flow chamber (length, 80mm; width, 30mm; height, 2mm) channel. After 1 day culture, hydrodynamic shear stress loaded on adherent seeded cells on parallel-plate flow chamber was carried out according to procedures described by Frangos et al. 9 The seeded cells were exposed to 5, 10, 15 and 25dyn/cm 2 shear stress for 12 hours or 15dyn/cm 2 shear stress for 6, 12 and 24 hours, respectively. Shear stress was calculated using the equation T=6Qµ/bh 2 , where T is the shear stress, Q is the flow rate, µ is the medium viscosity, b is channel width, and h is channel height. Control cells were kept under static condition. All experiments were performed at 37°C in a CO2 incubator.
EPC EPC EPC EPC Migration Migration Migration Migration in in in in Vitro Vitro Vitro Vitro
EPC migration was determined using a modified Boyden chamber. Briefly, 2×10 4 EPCs, resuspended in 250 μl EBM-2, were pipetted in the upper chamber of a modified Boyden chamber (Costar Transwell ® assay, 8 μm pore size, Corning, NY). The chamber was placed in a 24-well culture dish containing 500 μl EBM-2 supplemented with either PBS, or 100ng/ml SDF-1(Peprotech, Rocky Hill, NJ, USA). After 24 hours incubation at 37°C, transmigrated cells were counted by independent investigators blinded to treatment groups.
EPC EPC EPC EPC Adhesion Adhesion Adhesion Adhesion to to to to Endothelial Endothelial Endothelial Endothelial Cells Cells Cells Cells in in in in Vitro Vitro Vitro Vitro
A monolayer of HUVECs was prepared 48 hours before the assay by plating 2×10 5 cells in each well of a 4-well plate. HUVECs were pretreated with or without 1 ng/ml tumor necrosis factor-α (TNF-α, Peprotech) for 12 hours. Then 1×10 5 CM-DiI (CellTracker™ CM-DiI, Invitrogen)-labeled EPCs were added to each well and incubated for 3 hours at 37°C. Nonattached cells were gently removed with PBS, and adherent EPCs were fixed with 4% paraformaldehyde and counted by independent investigators blinded to treatment groups.
EPC EPC EPC EPC Adhesion Adhesion Adhesion Adhesion Assays Assays Assays Assays in in in in Flow Flow Flow Flow on on on on Fibronectin Fibronectin Fibronectin Fibronectin in in in in Vitro Vitro Vitro Vitro
Laminar flow assays were as described.
1 Dishes were coated with fibronectin (10ug/mL). EPCs (5×10 5 /ml) were stimulated with or without 100 ng/ml SDF-1 for 10 minutes before the assays, then resuspended in assay buffer (HEPES-buffered Hank's Balanced Salt Solution, 1 mmol/L Mg2+/Ca2+, 0.5% BSA), and perfused into the flow chamber (proprietary item; commercially obtained from RWTH Aachen University) at a shear rate of 1.5 dyn/cm 2 for 4 min at 37°C. After 4 minutes, firmly adherent cells were quantitated in multiple fields by independent investigators blinded to treatment randomly.
RT-PCR RT-PCR RT-PCR RT-PCR and and and and Western Western Western Western Blot Blot Blot Blotting ting ting ting Analysis Analysis Analysis Analysis
Total RNA was extracted with the mRNA abstraction kit (Takara Biotecnology, Dalian CO., LTD.). RT-PCR was carried out by the routine 2-step method. The primer CXCR4 A (sense) is 5'-TCTTCCTGCCCACCATCTACTC-3', and the primer CXCR4 B (antisense) is 5'-GTAGATGACATGGACTGCCTTGC-3'. The primers for RT-PCR in the telomerase reverse transcriptase (hTERT) gene were follows: sense, CACCTCACCTCACCCACGCGAAA; antisense, CCAAAGAGTTTGCGACGCATGTT. EPC proteins were harvested by cell lysis buffer (Cell Signaling Technology, Beverly). Protein extracts were subjected to SDS-PAGE, transferred to polyvinylidene fluoride membranes (Roche, Indianapolis). The following antibodies were used: rabbit anti-CXCR4 and anti-CXCR4 (phospho Serine 339) antibodies (1:1000; abCAM, Cambridge), rabbit anti-phospho-JAK-2 and anti-JAK-2 antibody (1:2000; Cell Signaling Technology), rabbit anti-actin antibody (1:2000; Cell Signaling Technology). Proteins were visualized with HRP-conjugated anti-rabbit IgG (1:3000; Cell Signaling Technology), followed by use of the ECL chemiluminescence system (Cell Signaling Technology). To detect SDF-1 stimulated phosphorylation of CXCR4 and JAK-2, EPCs were preincubated with 100ng/ml SDF-1 for 10 min before protein harvesting.
CXCR4 CXCR4 CXCR4 CXCR4 Knockdown Knockdown Knockdown Knockdown
The Mission shRNA lentiviral transduction particles were used to knockdown CXCR4 expression of EPCs. Viral transduction was performed according to manufacturer's instruction (GeneChem company, Ltd, Shanghai). The following oligomers were used: CXCR4-shRNA-1,5'TGGAGGGGATCAGTATATACA-3';CXCR4-shRNA-2,5'-GTTTTCA CTCCAGCTAACACA-3'. Briefly, after 7 days or 28 days culture, the lentiviral particles with shRNA targeting CXCR4 gene (CXCR4-shRNA) or non-targeting shRNA (Scrambled-shRNA) were added to the cells for 120 min in culture without serum. After transduction, cells were washed with PBS and incubated with EPC medium for 48 hours before subsequent experiments for assessment of CXCR4 expression and EPC functions.
JAK-2 JAK-2 JAK-2 JAK-2 I I I Inhibition nhibition nhibition nhibition
JAK-2 activity was inhibited by incubation of EPCs with the selective JAK-2 inhibitor AG490 (10µM; Alexis, Plymouth Meeting, PA, USA) for 1 hours.
Mouse Mouse Mouse Mouse Model Model Model Model of of of of Carotid Carotid Carotid Carotid Artery Artery Artery Artery Denudation Denudation Denudation Denudation Injury Injury Injury Injury and and and and Reendothelialization Reendothelialization Reendothelialization Reendothelialization Assay Assay Assay Assay
Male NRMInu/nu athymic nude mice (SLAC laboratory animal center, Shanghai), 8 to 10 weeks of age, were anesthetized with ketamine (100 mg/kg IP) and xylazine (5 mg/kg IP). Surgery was carried out using a dissecting microscope. The left carotid artery was exposed via a midline incision on the ventral side of the neck. The bifurcation of the carotid artery was located, and two ligatures were placed around the external carotid artery, which was then tied off with the distal ligature. An incision hole was made between the two ligatures to introduce the denudation device. The curved flexible wire (0.35-mm diameter) was introduced into the common carotid artery, and passed three times in order to denude endothelium. The wire was then removed, and the external carotid artery was tied off proximal to the incision hole with the proximal ligature.
To assess the reendothelialization capacity of the cultured EPCs, EPCs or shear stress treated EPCs (15 dyn/cm 2 treatment for 12 hours) (5×10 5 cells) were resuspended in 100µl of prewarmed PBS (37°C) and transplanted 3 hours after carotid artery injury via tail vein injection with a 27-gauge needle. The same volume of PBS was injected into placebo mice. Three days after carotid artery injury, endothelial regeneration was evaluated by staining denuded areas with 50μl of solution containing 5% Evans blue dye via tail vein injection.
To assess EPC incorporation, EPCs were labeled with CM-DiI (CellTracker™ CM-DiI, Invitrogen) and injected into the tail vein of nude mice after carotid injury. After 24 hours the animals were euthanized, blood was immediately removed and the injured sections of the carotid arteries from two groups were dissected. The carotid arteries were then opened and incubated with 0.2% collagenase for 30 min at 37°C, and then flushed with precooled washing buffer (10 mM HEPES, 0.1% BSA in HBSS). The cell suspension was filtered through a 100 μm mesh and centrifuged at 1200 rpm for 5 min. The cells were resuspended in 2 ml of FACS buffer and analysed by the BD FACSCanto II system. Alternatively, the injured sections were fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned. The CM-DiI-labeled EPCs incorporated in the injured vessels were quantitatively analyzed under a fluorescent microscope (Olympus BX51).
All experimental protocols complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH) and the Animal Care and Use Committees of Sun Yat-Sen University. Table Table Table Table Supplemental Supplemental Supplemental Supplemental Table Table Table Table S1 Figures Figures and and and 
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